Cryogenic scanning force microscopy of quantum Hall samples: Adiabatic
  transport originating in anisotropic depletion at contact interfaces by Dahlem, F. et al.
Cryogenic scanning force microscopy of quantum Hall samples:
Adiabatic transport originating in anisotropic depletion at contact interfaces
F. Dahlem,∗ E. Ahlswede,† J. Weis, and K. v. Klitzing
Max-Planck-Institut fu¨r Festko¨rperforschung, Heisenbergstr. 1, D-70569 Stuttgart, Germany
(Dated: November 2, 2018)
Anisotropic magneto resistances and intrinsic adiabatic transport features are generated on quan-
tum Hall samples based on an (Al,Ga)As/GaAs heterostructure with alloyed Au/Ge/Ni contacts.
We succeed to probe the microscopic origin of these transport features with a cryogenic scanning
force microscope (SFM) by measuring the local potential distribution within the two-dimensional
electron system (2DES). These local measurements reveal the presence of an incompressible strip
in front of contacts with insulating properties depending on the orientation of the contact/2DES
interface line relatively to the crystal axes of the heterostructure. Such an observation gives another
microscopic meaning to the term ’non-ideal contact’ used in context with the Landauer-Bu¨ttiker
formalism applied to the quantum Hall effect.
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For now more than one decade, cryogenic scanning
force microscopy (SFM) has been used to probe the
electrostatic potential distribution in two-dimensional
electron systems (2DES) realized in (Al,Ga)As/GaAs
heterostructures under quantum Hall conditions [1, 2].
Those measurements have demonstrated the important
role of compressible and incompressible strips [3] for the
current distribution in quantum Hall samples. Despite
of these experimental findings, the edge state picture [4]
remains the widely used model to describe the magneto-
transport in quantum Hall devices, also in the context
of topological insulators [5]. Its success has been partly
legitimated by its ability to include contact effects [6]
and to explain adiabatic magneto transport features [7] –
like the disappearance of peaks in the Shubnikov-de Haas
oscillations, the extension of quantum Hall plateaus to
lower magnetic fields and the existence of non-local resis-
tances [8]. In this letter we manage a comparison between
magneto transport and scanning force microscopy inves-
tigations on Hall bar samples showing adiabatic trans-
port features without the use of gates. The SFM mea-
surements clearly present potential distributions from
which we conclude that the incompressible strip in front
of alloyed contacts possesses different insulating proper-
ties depending of the orientation relatively to the crystal
axes of the underlying heterostructure. This result shows
how to interpret adiabatic features in terms of compress-
ible/incompressible strips and what is the microscopic
origin of anisotropy in magneto resistances.
The samples used here are based on an
(Al,Ga)As/GaAs heterostructure containing the 2DES
at the heterojunction interface 60 nm below the surface.
The electron density and mobility are respectively
3.6× 1015 m−2 and 160 m2(Vs)−1 at 1.3 K. These
conditions lead to l ≈ 13 µm for the electron mean
free path, which is three time larger than those of
the samples measured in [2]. High electron mobility
Hall bars as depicted in Fig. 1 are defined by optical
lithography and wet etching. Following our standard
recipe [9], Au/Ge/Ni film is alloyed to achieve low
resistive contacts to the 2DES. After annealing, the
FIG. 1. Magneto resistances Rij,kl measured on the four-
terminal Hall bar geometry shown in the inset: a) Hall
plateaus in R
[01−1]
14,14 (red curve) are shifted to lower magnetic
field values, Shubnikov-de Haas peaks in the longitudinal re-
sistance R
[01−1]
14,23 (blue curve) are missing between ν = 2 to 3,
4 to 6, and a non-local resistance R
[01−1]
12,34 (green curve) is ob-
served at negative magnetic field (T = 1.3 K). b) Comparison
of R14,14 and R23,23 measured on Hall bars oriented either
along [011] or [01-1] direction (T = 26 mK).
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2remaining 2DES has a size of about 10 µm width and
58 µm length, which is comparable to the scanning
range 20 µm by 20 µm of our cryogenic SFM. From
transmission line measurements [9], we also find on these
samples an anisotropy in contacting the 2DES in [01-1]
or in [011] crystal direction which is a general property
of alloyed Au/Ge/Ni contacts [9, 10]. Here the specific
resistivity rc ≡ Rc · w (w, the width of the borderline
between 2DES and alloyed metal) is rc ≈ 0.25 Ωmm for
contacts with their borderline perpendicular to [011],
and rc ≈ 0.45 Ωmm for contacts with their borderline
perpendicular to [01-1].
To obtain the magneto resistance R
[01−1]
ij,kl (Hall bar ori-
ented along [01-1]), an ac current of 100 nA rms am-
plitude is biased via contacts i and j, and the ac volt-
age drop between contact k and l is measured by lock-
in technique. In comparison to a standard six-terminal
Hall bar of same size, the four-terminal Hall bars with
two contacts on one side of the mesa display in some
magneto resistances R
[01−1]
ij,kl generic adiabatic transport
features, reproduced on many samples of same geome-
try. Examples are given in Fig. 1a: (1) In measuring the
four-terminal longitudinal resistance R
[01−1]
14,23 , resistance
peaks of the Shubnikov-de Haas (SdH) oscillations are
completely suppressed in between ν = 3 and 2, and in
between ν = 6 and 4 [11]. (2) The non-local resistance
R
[01−1]
12,34 asymmetrically changes with the magnetic field
orientation, i.e. for positive magnetic field no voltage
drop is observed between contact 3 and 4 (R
[01−1]
12,34 = 0),
while for negative sign non-zero resistance values are
measured. (3) For the two-terminal resistance R
[01−1]
14,14 ,
Hall plateaus with R = h/(i e2) are shifted to lower mag-
netic field values corresponding to filling factors around
ν = i + 1. In general we found that if one of two con-
tacts has its interface line with the 2DES perpendicu-
lar to [01-1], Hall plateaus in the two-terminal measure-
ments (i = k, j = l) are shifted to lower magnetic field
values. The effect becomes most striking when directly
comparing R14,14 and R23,23 of two Hall bars of same
geometry but either oriented along [011] or [01-1] crystal
direction (see Fig. 1b): The two-terminal Hall resistances
R
[011]
14,14 and R
[01−1]
23,23 superpose whereas R
[01−1]
14,14 and R
[011]
23,23
deviate. All these deviations (1) to (3) in the magneto
resistances have been described in literature and are usu-
ally interpreted within the edge-state picture as a non-
equilibrium situation between edge states running along
the same edge, caused by full or partial reflection of edge
states at imperfect contacts [7]. The contacts here are
however state-of-the-art for both orientations, i.e. good
ohmic and low resistive. Furthermore, we succeed to gen-
erate intrinsic adiabatic transport features by simply se-
lecting the mesa orientation and its geometry [12].
To find the microscopic origins of the previously de-
scribed adiabatic transport features, the measurements
of the Hall potential distribution within the 2DES have
been performed by using a scanning force microscope op-
erating at 1.3 K up to 13 Tesla [13]. After finding the
Hall bar structure at low temperature in an usual SFM
contact mode, the tip is retracted and made oscillating
70 nm above the mesa surface to probe only electrostatic
forces. A constant bias voltage is applied between 2DES
and metalized cantilever tip compensating for work func-
tion differences and avoiding a gating effect on the 2DES
by the tip. As the 2DES is buried in the heterostructure,
a special calibration technique [13] has to be used for
extracting the Hall potential, i.e. the change of the lo-
cal electrostatic voltage with current flow through the
sample. In a first scan, a Vm =15 mV excitation at
wm =3.4 Hz is applied to the whole 2DES and the mod-
ulation amplitude of the cantilever resonance frequency
shift ∆fwmres is recorded by lock-in technique along the
mesa width. This signal – being proportional to the local
excitation, is almost constant with some local variations
M(y) due to the donor and surface charges embedded
between 2DES and cantilever tip: V (1)(y) = M(y) · Vm.
A second scan is run at the same line with the poten-
tial excitation applied only to one contact whereas a
FIG. 2. (a) Hall potential profiles at negative magnetic fields
measured with a cryogenic scanning force microscope. The
local potential is recorded along the 10 µm width in the center
of the mesa for measurement configurations R
[01−1]
23,kl (left) and
R
[01−1]
14,kl (right). (b),(c) Sketch of the (in-)compressible regions
and potential landscape for ν = 2.5 and ν = 3, respectively.
Further incompressible strips at the edges - if anyhow existing
- are suppressed.
3second contact is grounded. A 3.4 Hz ac current flows
through the sample and the related Hall potential dis-
tribution can be detected by a new ∆fwmres measurement:
V (2)(y) = M(y) · V (y). The ratio between second and
first scan V (2)(y)/V (1)(y) delivers the normalized Hall
potential profile V (y)/Vm with a spatial lateral resolu-
tion better than 100 nm [13].
In Fig. 2a, the scanned potential profiles under the con-
dition for measuring R
[01−1]
23,kl and R
[01−1]
14,kl are presented in
a colorscale for negative magnetic field (i.e. clockwise
rotation of electrons on cyclotron orbits) ranging from
below ν = 2 to above ν = 4. The scans are taken in the
middle of the 10 µm wide mesa as indicated in the Hall
bar sketches (Fig. 2b,c). The colors blue, green and red
in the plots correspond to the lowest, middle and high-
est potential value, respectively. The profiles displayed in
Fig. 2a(left) reflect the results also obtained in the past on
samples with lower electron mobility of 50 m2(V s)−1 [2]:
The Hall potential drops on both sides of the Hall bar
almost symmetrically at the expected positions of the in-
nermost incompressible strips which merge around ν = i
covering the whole bulk of the 2DES. At this latter filling
factor the Hall potential drop is then widely spread in the
bulk and R
[01−1]
23,23 , shown in Fig. 1b, behaves normal.
The situation is different in Fig. 2a(right), where the
change of potential happens completely on the lower side
of the mesa [14]. This behaviour is visible for the whole
range between ν = 2 and 2.7, and is still strongly pro-
nounced above ν = 2.7. In this regime the bulk of the
2DES being compressible with νl > 2, the complete Hall
potential drop happens between the compressible bulk
and the compressible edge over the incompressible strip
νl = 2 at the lower mesa side [see Fig. 2b(right)]. The
current is thus driven without dissipation within this
strip by the complete Hall voltage VH, I = νl e
2/hVH [15].
As the longitudinal resistance R
[01−1]
14,23 vanishes at these
filling factors and for both magnetic field signs, we can
state that there is no equilibration between the compress-
ible bulk with 2 < νl < 3 and contacts 1 and 4 [see
Fig. 2b(right)]. This decoupling comes from the depletion
region in front of contacts 1 and 4 which have an enough
smooth gradient towards the bulk to create a wide in-
compressible strip, which isolates the compressible edge
and bulk under high voltage drops (For reminder, con-
tacts with such orientation have a higher specific contact
resistivity at zero magnetic field). Turning around the
mesa orientation and measuring R
[011]
14,14, the usual trans-
port is obtained (see Fig. 1b), i.e. the isolating property
of the incompressible strip in front of contacts 1 and 4
with its interface line perpendicular to [011] is not pro-
nounced at 2 < ν < 3 (Such contacts have a lower spe-
cific contact resistivity at zero magnetic field). To indi-
cate the different isolating properties of incompressible
strips in front of the contacts, their widths are marked
smaller or wider in Fig. 2b,c. At lower magnetic field,
FIG. 3. (a) Local potential distribution probed for the mea-
surement configuration R
[01−1]
12,kl . The potential profiles are dif-
ferent in switching the magnetic field orientation. At negative
magnetic field in between 2 < ν < 3, a high potential (red)
followed by a low potential (blue) is present at one edge. In
contrary, the potential stays at low value (blue) for positive
magnetic field. (b) Sketch of the (in-)compressible regions
and potential landscape for ν = 3.
the two-terminal resistance R
[01−1]
14,14 shows a Hall plateau
with R = h/(2 e2) (see Fig. 1a) even at ν = 3 where the
bulk is mainly incompressible [see Fig. 2c(right)]. It fol-
lows that the compressible strip with 2 < νl < 3 which
encircles the incompressible bulk, stays isolated from the
compressible edge with νl < 2 by the incompressible strip
νl = 2. The potential drop is hence located between the
two compressible strips at the lower mesa side, – a situ-
ation which reminds on the adiabatic transport model of
non-equilibrium between edge states.
In Fig. 3 the potential profiles correspond to the mea-
surement configuration R
[01−1]
12,kl . For a negative magnetic
field between ν = 2 and ν = 3, the potential drops at
the upper mesa side from the edge to the bulk, remains
constant over the bulk and drops towards the lower mesa
side to increase again at the edge. This unusual potential
profile is observed for almost the complete magnetic field
range. Obviously, the current driven between contact 1
and 2 runs along the whole edge of the sample passing by
contact 3 and 4. Indeed, a non-local resistance R
[01−1]
12,34
has been found for negative magnetic field. For posi-
tive fields, no resistance is detected and consistently, the
related potential distribution given in Fig. 3b shows a
constant potential from upper to lower mesa side, i.e. no
current passing forth and back through this cross section.
As indicated in Fig. 3b, a decoupling of the bulk and the
contacts 1 and 4 is required to explain the presence of
4FIG. 4. (a) Sketch of Hall bar showing our (in)-compressible
strip model in R
[01−1]
13,kl configuration. The positions of the
SFM measurements are indicated. (b) Corresponding poten-
tial distribution for various negative magnetic fields probed on
a scan line located few microns away from the voltage probing
contact 4. (c) x-y potential mapping measured 200 nm away
from the contact 4 at ν = 2.2 and ν = 2. At ν = 2.2 the
potential remains high (red) along the mesa border whereas
the inside has low potential (blue).
non-local resistances. Fig. 4 presents the potential dis-
tribution in the vicinity of contact 4 for the measurement
arrangement R
[01−1]
13,kl . It directly proofs the decoupling by
an incompressible strip at ν = 2.2: The potential of the
compressible bulk is low even thus the surrounding edge
regions on the lower mesa side, in front of the contact 4
and at the upper mesa side are high in potential.
In summary, by comparing magneto transport and
scanning probe investigations, we could identify that the
presence of an incompressible strip in front of state-of-
the-art ohmic contacts might cause an electrical decou-
pling of the compressible 2DES bulk region from the con-
tacts. Important, we discover that the insulating prop-
erties of this incompressible strip depend on the orienta-
tion of the interface line 2DES/alloyed contact relatively
to the underlying (Al,Ga)As/GaAs heterostructure. A
contact with its interface line perpendicular to [011] equi-
librates the compressible bulk and edge, whereas at the
same time contacts with the interface line perpendicular
to [01-1] does not. This anisotropy is related to different
electron density profile at the contact interface which de-
termines in high magnetic field the incompressible strip
thickness. Adiabatic transport features hence originates
in high electron mobility Hall bar with a geometry hav-
ing contacts arranged on only three of four sides of the
mesa. We conclude, non-ideal (ideal) contact behaviour
in terms of the Landauer-Bu¨ttiker formalism can be at-
tributed to a smooth (sharp), partial electrostatic deple-
tion in front of ohmic contacts allowing for an large (thin)
isolating incompressible strip.
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